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NEW LINAC TECHNOLOGY - FOR SSC, AND BEYOND?*

R. A. Jameson
Los Alamos National Laboratory, Los Alamos, NM 87545

S!!!!wu
With recert agreement on the high priority of

seeking funding for a $up~rconducting Super Collider
(SSC), it is appropriate to consider the injector
linac requirements for such a machine. In so doing,
the status of established technique and advantages of
near-term R&D with relatively clear payoff are estab-
lished, giving a base line for some speculation about
linac possibilities even further in the future.

Introduction

At last year’s Snowmass’ and Oxfordz meet-
ings, attention focused on a next-generation very
large hadron collider, and on possible limitations to
achievement of very high energies. Preliminary out-
line of the collider er,visioned a linac injector; the
requirements and capabilit~es were elaborated further
at the Cornell Workshop, ] The in:tial questions
were could the injector linac provide a bear of ~50 mA
at 0.5-?.5 GeV with an output normalize. emittance
around In x 10-6 m“rad and output energy spread <0.1%,
and how could its cost be minimized? It was felt that
achieving the lowest possible emittance would strongl,Y
influence ring apertures.

As outlined below, we found that an essentially
“conventional” linac could meet the output current,
emittance, and energy-spread requirements. The
Cornell Workshop realized that the low emittance would
be Of little advantage in the final, large ring
because beam-beam interactions would be the determin-
ing factor in aperture size. However, it was pointed
out by Y, Baconn~er of CERN that if the etn{ttance were
kept low until the final spofling in the big rinq, it
would have a very advantageous effect on thp apertur~
requirement for the final booster rinq--ln fact, It
would allow the same magnets to be used for that
booster as for the main ring.

Basic SSC injector-Linac Design- —.

A negative-h,ydroqen-ion linac to delfver 50-us
P(lSPS at a 1.O-HZ repetition rate would consist of
an 10II :ctirce, d radt~-frequenc,y quadruple (RFQ)
buncher/preaccelerator, a drift-tube linac (OTL), and
a coupled-cavity linac (CCL\.

lnn Source.- —

Paul Allison (LOS Alamo$) ~stimates that the low-
est emittance ont! might expect for a low d.jty factor,
70-mA, 100-keV, 8 ■ 0,0146, H- ion source would hr
dj,0775fi nwn*mrad rms, normalized. We used a “water-
baq” distribution for simulation runs with total emit-
tanc~ Squal to stx times the rms. WP would exp~ct the
source emittance to scale by roughly the square root
of the current,

l?r~linac—- ~

Thl} RPQ t$ n rpvolut~onsry npk typ~ of accelera-
tor for low-veloclty Ions and prov~des better capture,
I)ullchinq,and Initial acceleration of sfqniffcant ion
currents with lIZ\$ Pmittancp qrnwth than other rrwth-
nds, Thr= currmt and emittance r~quirernents stronqly
influrwe the operatlnq fr~quency, chosrm here as

wsuppor~ed%~ the U$ Department of fn~rgy,
—— .

440 MHz. All RF(I performance factors improve with
higher electric field; the value 30MV/m, which pr -

$duces an electric quadruple gradient of 0.84MV/cm ,
was chosen from experience. The frequency scaling
for allowable peak surface field is based on an ion-
multipactoring model and empirical determination of
constants known as the Kilpatrick Crit.t?rion:*

f = 1.643E2 @Xp -(8.5/E) ;

the field EKP thu!i found is multiplied by a “bra’!-
ery factor” , K = 1.5 in this case, to determine the
actual allowed peak surface field by accounting for
the influence of modern techniques in rais{ng the
sparking limit. The resulting RFQ takes the beam from
100 keV to 2.5 MeV in 3.74 m; with 93% transmission
giving 65 mA at the output; having normalized, rms
transverse emittance of 0.085. rnn*mrad; &nd
longitudinal emittance ccltaining 90% of the beatl of
4.45. deq*MeV, with t300 phase spread and *0.015-MeV
energy spread.

Orift-Tube Linac

Transition is made to a D?L ht the same fre-
quency, 440 MHz, and peak surface field, In the con-
text of the entire system, we studied the energy tran-
sition from DTL output to the subsequent hiah-beta CCL
between 100-?00 MeV. The overall cc.! increased about
10% over this range in transition energy; from longi-
tudinal beam dynamics considerations, we chose 125 MeV
for preliminary desiqn, COnStant length (2.54 cm),
constant strengt~l (18 kG/cm), permanent-magnet quadru-
ples (PMQ) are used {n the 200-cell, 40-m DTL, At
175 MeV, the transverse normalized, rms emittance is
0.17511 wwrt’mrad, longitudinal emittance is 0.3. cleg*MeV
rms and 1,36, deq*MeV at the 90% contcur, and
transmission IS 1004,

Coupled-Cavity Linac

The fi,lal enerqy for the linac injector could
ranqe from 0,5-?,5 GeV, depending on the booster
desfqn: in ~ny case, the ftna’ CCL linac comprises
most of the injector length and has a strong cost
impact. Increi, *d current limits and emittance damp-
inq allow this section to operate at a hiqher inteqer’
multiple frequency, 13?0 Mhz hqre, where components
are smaller, The peak surface field at 1.5 EKP is
48 MV/m, but the acceleratlrrq field gradient chosen
here is restilcted, for reasons outlined below, to
8 MVlm. Transverse focusinq is provided hy a 6-kG/cm,
5.08-cm-lonq PM() in ~ C,NJpltIIq cell ofter ●ve~y 11
accelerating cells. A length of 4?5 m is needed to
reach ?.5 GeV, where the transverse r mmelized rms
emittance {s 0.72w mm”mrari and ovpr !30mA is contained
within thp IJO% contour of I.011rmn”mrad, Transmission
is 100%, Longitudinally, 90% of the output beam is
within tl,6° (at 13?0 MHJ) and +0,5 MeV, with rms
emfttance of 0.18m deq*MeV.

In,j@ctor-Llnac Cost Ing and Important System rradeoffs

Ra\{c lina~ co$t$ ar? qiven h,Y

Cost ● R(P JPh)+SL+AC (6’ c,,+ Pb) ,



where R = cost/peak rf watt; Pcu = accelerator
structure peak power due to losses; Pb = beam peak
power; S = St:ucture cost/unit leflgth; L I accelerator
le~gth; AC = ac :Init power cost; Pcu and pb are struc-
ture and beam avera;~ power, equal to peak power times
d~ty factor. The fir:t two terms represent capital
investment; the last terl~ adds in thf operating ost
over the expected life. Pcu = (EoL)’-/ZL = (AW)$/ZL

where E. is accelerating gradi?nt/ur\it length; Z is
effective structure shunt impedance/unit length
(includes traasit time and synchrofious phase-angle
factors): and AW is the desired, fixtd, particle-
energy gain of the linac.
rc,lt),

r~h = (dW)(Seam cu~-
Substitutiol, shows the structure powc~ cost

varies inversely with length, whereas the structure
cost varies directly with length. Therefore, there ]:
a ttronq tradeoff between accelerating gradient and
length, and choice of the maximum achiev~ble acceler-
ating gr?dient is not a priori desircble. Ignoring
the ope’’ating cost~ifferentiation with respect to
length yields the optimum length and thus gradient for
lowest cost:

EC opt “

Lopt =

Copt =

At the

(SZ/R)l/~, independent of AN;

AW(R/SZ)l/2;

LW[2(SR/Z)l/2 + RI], linear in AU.

optimum, RPC,, = SL. Folding in operatinq
r.nst will push the optimum E. down and optimum L up.

CCL Structure Effi~iency

We need ta examine the cost equation further to
see mor~ of the influencing factors. It is reasonable
to expect th?t we would want to exploit the acc~lera-
tor structure to some physical limit, even though the
cost relation warns us to be careful. The applicable
physict.1 limit will depend on thr? application and
could be, for example, removal of average waste power,
voltage breakdown, surface damago due to high peak
power, maqoetic field limitations, snace-charge limit
on current, and so on, The SSC injector-l inac beam-
c~,t’ent requirements, pulse length, and dut,y-factor
consideration; essr?ntially fix the operating frequency
near the 440 Mtiz/13?0 Mt{z chosen; in this f-equpnc,y
,,anqc a limitinq factor comes from the electric field
sporkinq l!mit a$ definpd by the Kilpatrick Limit (KL)
above (?0 MV/m at 440 MHz, 37 MV/m at 13?0 MHz). Th~
experience factor K = E/EKp, by which EKp may bc
multiplied for modern structures, appears to b~ as
high a$ ?,5-3,0 for RFQs, and Up to ?,(I for DTL and
SSC !tructu~.es, Thus, for our 13?0-MHz CCL, we can
cons~der peak surface fields of up to about 54 MV/m,

All the p~ak surface field, however, cannot br?
used for acc~lerat!on--qeometry factors in practical
structures reduce the @ffective qradlent nn-axis by
som~ factor, lhis factor can b~ minimized hut Ilsuall,y
at $nmf cost, for ~xnmple in shunt imperianc~ 7 or
t~an~’t-t{me factor, which would directly offset the
increas~ci 3cceler8tinq qradipnt, Et), For examplr,
nne structure with many dcsirhh~e prop~rtle$ is ca~led
tllr disk-and-washer (OAW) type (Fiq, 1), The adrtltlnn
of no~et around th@ beam I101c incrrnas~s th~ tran$it -
tlmt fsctor, at $ome 1o${ in shunt impedanc~, and
fncrr~$es th~ pt=ak-s.lrfacc-field to ac(.eleratlnq-flelri
rdtio (E/[(,l frcm 1.94 with no no%~ to $,37 with full
Ilo%t$, Thr V6qu{nc $tr:jctur~ ha~ a $nmtwhat. bett,~r
~fflctcncy in u~lnq p~ak ‘,urfficefield as accelerating
t’(olrl,with th~ i;h~lk Rlvpr %tructur~ Int@rmeriiate,

The fsl}rlcat,l,ln~n~t/unit lpnqth, $, Of all thpsr
strdrturr$f i~ r~)~lqlll,tho $mmo, $!,0-100 K/m, !h(~
tra:iroff~ fimonq Stlllnt jrnpp~ancp (%~()-l()()M,~/,n),

t.ran$it tlmo (0.1{-0.92), and other (irtU’le4 factors
arr- alto not dramatic, Thrrpfore the qradimt vs

Vaguine Structure; E/Eo=l.70

Cholk Rivar on-axis
Coupled Structure ;

Dis
Str

k-And”Wosher E/EoW/O nose= 1.94
ucture; E/EO w nose =5.37

n080s

rlq 1. Cro’is-s@ctlon$ of four CCL types: the OAW
with hnd wlt~lout nn$e, the Chalk River on-
axis coupled ~tructur~) and thp Vaq(l\nr
st.ructure.t F/E. 1s ratio of p(’fik <ur
facp ftelrt to acc~lwatinq qrarilont,.
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Fig. 2. Cost estimate for the SSC ?.5-GeV injector
linac as a function of K, the rotio of peak-
5JrfaCe-field E in the CCL accelerating struc-
ture to the Kllpatrick limit EKp ■ 32 ;4V/m
at 13?0 MHz, and the CCL accelerating gradient
E as function of K. Curve2 for the four
C?L geometries of Fig. 1 are plottpd.

used, but the Z’OMV/m En qfving the cost minimum i$
available below the sparkinq 1, t. The less effi-
cient structures cannot reach the ost mtnimum #!thout
sparking, although this is not too !erious b~cause the
cost minima are broad. Another 10

?)2:t” :;:5:3;: :::;;tion shows the optimum Eo o (5Z/R~
u$e a h!gher accelerating gradient if wf! ~.ould get the
effective structure shunt impedance up or the unit rf
power cost down,

A great deal of ‘f ecc~ler~ting structure devel-
opment has occurred at frecsuencies :3 GN7, and it
ts unlikely thdt major increases in shu c Imoedance
will occur. Also, as with structure cost, the cost
per peak rf watt at low duty factor is relatively
indep~rrdent of frequency in this frequency range, at
about $0,0\-0c015/watt4 The quoted co*’,s are for all
source or structure components ready to connect to
utllit,ies and building, The rf source buildinq costs
are prohatlly somewhat lower than the structure build-
ing costs, so this would pufh the optimum yradt~nt up
sompwhat,

Fmlttance Growth-- . ..—

lf 40-MV/m acct?l~reting qradient (s available for
the CCL, hut we can oI,ly USP half that for economic
reasons, why did we limit the SSC injector point
dpslgn by more than another facto~’ of ?, to 8 MV/m?

The CCL and DTL accelerating gradients were assun!>d
fixed throughout; this is the c.mnon practice. The
transverse emittance growths through the DTL and CCL
were 1.47 and 1.76. Much of this grcwth is because
the beam from the preceding stage has not been prop-
erly conditioned for minimum emittance grovi+.h in the
next stage. We know’ that the transverse and lon-
gitudinal phase-sp>ce energy contentsmust be kept
roughly equal (termed equipartitioned) at all stages
of an ~ccelerator or transients will occur in the
particle distribution that force emittdnCe transfer
between planes until equipartitioning occurs. In
typical linacs, the longitudinal phase-space energy
is larger than the transverse, dnd the t.ransver~.e
emittance grows, especially when an abrupt change In
parameters excites new transients. The very h+gn
isccelcratlng gradients suggested by the cost optimiza-
tion would exacerbate the emittance growth consider-
ably if we injected directly into the CCL at tho:e
gradients. The longitudinal emittance would also
deteriorate from the effect of rf waveform nonlineari -
ties. TI realize the desired transverse emittancu and
energy spread for the point design, we ‘limited the CCL
accelerating gradien~ to 8 MV/m. Even then, the equi-
partition~ng ~~ndition is badly Vjolated and consider-

able emittance growth occurs in the transverse plane.
The cost impact of operating at thi~ nonoptimum gradi-
ent IS significant.

Research into how to maintain equipartitio’sing
through a linac is just starting-obviously it is an
important area for further work. We do know what the
matching and eqJipartitioning conditions are for the
rms beam p~rameters, and have some knowledge of param-
eter space to avoid if m{nimum em{ttance growth is
desired. One clear requirement is that the beam must
be handled gently, with gradual deforrrra,ions to a new
state. We might be able to use the optimum 20 MeV/m
gradient for a substantial fractinn of the CCL by
injecting at a low gradient and gradually shaping the
acceleration parameters to bring the gradient up to
?0 MeV/m. We know just enough at this point to know
th]t the proper prescriptions dre not obvious.

Synopsis of SSC Injector Linac

We have shown that an appropriate linac could be
built using conventional techniques. The optimllm
cost is a tradeoff between accelerating gradi~nt and
length. The cost would be higher than optimum because
the need to bound em!ttance growth for~es us to choose
a below-optirrum accelerating gradient. rhe maximum
accelerating gra~ient achievable is about twice the
optimum; t~us, the possibility for a shorter machine
chnnot b? econmnically exploited, It is probable that
R&D on linac design that. maintains equipartitioning
would yield more cost-e~fectlve designs and even bet=
ter performance. Utilization OF the achievable struc-
ture qradiwrts probably r~qlJires work on reducing th@
cost pe) rf watt.

Future Linacs, and Whither High Gradient?——. —,— -

Particl~ accelerators, and perhaps Iinacs Par-
ti,”ularlY, usinq electrons, protons, end a wid~ range
of ions, are b?ing app’ied more and more to practical
applications as well as research tools. The best
machine tor each joh wI1l vary as much as the applica-
tions do; but the newd of high.ene)gy physics for
?xtrerrrely high-enerq,y particl?s, with enough luminos-
ity at th? same tire? to ~onduct experiments, brings
most of the Issues into focus. Recently, several
orrtir~ meet frrgs’~’o’ have been devoted to explor,og
ultimate performance, and a number of excellent review
p~pevs h,!ve been written’-” on the genera’f problem
and various aspects of the ‘upportlng technology. 1
will not presume to rederive or even to review all of



this work here, but will borrow freely, especially
from M. Tlgner (Cornell) and D. Prosoitz (LLNL), iri
order to add a f~w remarks to the subject.

In particular, in loo!(ing at the SSC injector
possibilities where achievable high accelerating gra-
di~nts are not usable, I became interested in whether
:he idea c,f super-high gradient (100s to 1000 MeV/m),
ind therefore short linacs, reaily make any sense
ccnomically. In at least one scenario, outlined by
‘osnitz” and sketched out below, matters appear

p omising.

Bea Loadi~.—

The linac costing equatl~n indicates that it
would bc desirable to have the beam power dominate the
structure power. However, Intense bunches extract
energy directly from the stor,:d energy in the system,
and generate wake fields that affect the fol”lowinq
particles. The maximum allowable beam power$ to
stored rf power ratio therefore is only about 10%.

Boyd” has shown how a stagger-tuning concept
miqht significantly enhance the achieva~le charge
transfer through a linac op~rating in a stored-energy
mode. Each bunch would pass through cavities or
blocks of cavities operating at different synch:-onous
phases achieved by phase modulation of tWrJ separate rf
sources, or bv operating the sources at slightly dif-
fere~t frequencies and injecting the particles when
the teat has the proper phase relationship. Without
consi(ieration of wake-field effects, he shows that a
radiographic machine could produc~ an order of magni-
tude m>re !,remsstrahlung flux by usinq this techrique
to transfpr more charge within the specified emlttance
and energy-spread requirements.

Glllckstern, Cooper, and Channel’* recer,tly
have extended the wake-field analysis to include the
effects of coupling between accelerating cells and
extern~l focusing, and to elucidate the transient and
steady.state conditions.

An amalgamation of these considerations is now
needed, and would be an important consideration, for
example, in the machine scenario outlined h(’low.

Fre~encv Scalinl—.

Ill~lq. 3, the poss{ble litrits to arceler~tinq
qradiert, for a structure with p~ak-surfare-fielrl to
accelerating qradient ratio of ?, are ,Iiaqranvned. The

{ ➤✎..7_T_T_. ...y._-.—.T———--— -----------— -.—

Wovelength

Fiq, 1, Approximate limitf on acccl~r~tinq qra(tient,
for structures with assurnwi ratio of peak
su:face ff?irl to accel~ratinq qrodf~nt WM81
to two, vs wavelmqth, Kilpatrick limit-line
al<o ,lssum~~ peak turfacp fi~ld of twice KL.

Kilpatrick-limit line, which scales as fl/2, has been
added to t$e electron-induced breakdown and surface-
heating limits derived by Tigner and Prosnitz.* A
frequency around 30 GHz may be at about the point of
diminishing returris, and gradients of a few hundred
MeV/m may be possible. We assume that beam-dynamics
consideration would allow their use.

In loa (? waveguide structures,
scale ; as ff/~ and

~hunt impedance Z
if we use E a fl 2, the structure

power reau’.red wou’ld stay relatively constant, while
the structure cost term in the cost equation would

The cost, length, and gradient optima scale
~~c~:f’~~: which is nOt very faSt.

As noted above, structure cost does not seem to
vary much with frequency, running about $50-100 K/in.
Evidently, as we decided above, the cost er rf watt
would have to be significantly Fe&eX~~
economical use of high accelerating gradient.

.—

As outl lned b Prosnltz, lZ rf
being developed fory high power at

generators are
high frequencies,

but there ar~ disadvantages in that many of these
devices are crscillctors, rather tnan amplifiers in
which amplitude and frequency or phase can be con-
trolled, and many require high magnetic fields that
add to the cost, Reliability also is not adequzte
yet. At high gra,dicnt, the amount of power reqllired
per meter is very high, although at high frequency,
the amount of energy n eded per meter is dramatically
redllced, because 5E o W2U. Tube-type sources
can pj.educe re!evant unit power/m at 10 GHz, but not
yet at 3(3 6Hz, where paralleling would be needed.
Given these uncertainties, 1 have not tried to esti-
mate the $/rf watt cost for these drivers, but imdqine
that it would still be %$0,01/rf watt. In this case,
high acceierat{ng gradient woula not be economical.

Two-llcam Accelerator———,.

prosnitz goes On to outline a scenario that,
althouqh a very form{dahle physic< and enginw+ring
challenqe, appears c!ulte remarkable upon reflection.

The proposeri l{nac would accelerate 5 A Iolo
particles per bunch to 3fi0 GeV at l-kHz repetition
rate in a 35-GHz. wi3-mode, ?unq’le-gym-type struc-
ture w{th Z = 2!0 Mf)/m, Q D ?10 x 103, operatinq
at ?OO-MeV/rl accelerating gr~,jient.. The rf power
requirement !s ?35 MW/m, but oliy 1? ~/m with 50-ns
pulses,

The driver would U$O a low-~cltage (1,8 MeV) but
hiqh-current (500-A) electron beam and would convert
its energv to 35 GHz rf. using distributed wigglers

“-1 in a sinqle-pass free-electron-laser (FE~) source/
amplifier, FEI wiggler and inductton-linac sections
would be alternated so that the elect,ron beam ~no-qy

~ lost in a wiggler section (dec~lel’atlng gradipnt
1.6 MeV/m) would he made up {n the next induclion-

1 Iinac section. With I.R-MeV/m equ{iibr;um beam vnlt-
age art: 350-A hun[.herj current, it is ettimated that

( C70 MW/m of rf KO,.I’C,be produced, The conversion
I efficiency is e<timated to be very high, >70%,

which is better than klystrons, e~per,ially high-~eak-
powpr klystrons, at 3 GHz and below, Thr rf is used
to drive the hiah-voltage, Inw-currept accelpratpd
heom, so that thp s?ntirp system is like a transformer,

induction-lfnac and permonent-mfiqnet wigqler
structure rnsts arc probahiy conservatively ~stimtit,+d
in the SamU $$O-1OO K/m ranqc ds the rf structure*,;
thprpfnre, onp crudo ~st imate of th~ cnst p~r rf watt
i! ($50 K/m)/(?3’, MV/m) _ ? x 1o-’1 $/rf watt, Annthvr
rrudo Pstimfitf, is to usc the $:,0 M construction budget
fnr thv 50-M{*V, 10-kA ATA at l.awrpncp Liv~rmorr
National Lai]oratoryo which implies i x lo-~ $/rf watt,
A more (j@ta{l@d ~stimat,l Lsy Pr~snitY,ll fndicdtp$
1,;’ x 10-~ $/rf watt, BIN,IUSP induction-l inac cost~
%Calt? with the joIIles (volt*\) requlrcd, th~ IOW CU:-
renf here, c,omparpd tn ATA, penalizes the power cost.



.

If it can be realized, this is ind?ed t(le kind of
cost reduction needed to reduce the total cost of
accelerating a smail number of particles to very high
energies and to make the use of very high gradients
economical. Discounting the costs to $100 K/m and
5 x 10-( $/rf watt would im ly reductiorls in the

?optimum cost terms of (20)1/ and (20) compared to
R= lG-2 $/rf watt, and an nptimulll accelerating

gradient Of ZO opt ‘ [(105)(210 X 106)/(5 i 10-4)]@
. 700 MeY/m!

Conclusion

For at least this possible two-beam r3CC.!?lWatOr
FEL-accelerator, the rude introduction of economics
does not spoil the picture, but indicates that, as in
the past, innovation might still significantly affect
the achievement of even higher energy particle beams
of sufficient luminosity. In particular, at least
this approach (because it provides low-co:t rf), would
allow high accelerating gradient$ in the several hun-
dred MeV/m range to be economically used,
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